Infrared actuation in aligned polymer-nanotube composites 
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Rubber composites containing multi-walled carbon nanotubes have been irradiated with near in- 
frared light to study their reversible photo-mechanical actuation response. We demonstrate that 
the actuation is reproducible across differing polymer systems. The response is directly related to 
the degree of uniaxial alignment of the nanotubes in the matrix, contracting the samples along 
the alignment axis. The actuation stroke depends on the specific polymer being tested, however, 
the general response is universal for all composites tested. We conduct a detailed study of tube 
alignment induced by stress and propose a model for the reversible actuation behavior, based on the 
orientational averaging of the local response. The single phenomenological parameter of this model 
describes the response of an individual tube to adsorption of low-energy photons; its experimentally 
determined value may suggest some ideas about such a response. 

PACS numbers: 42.70.Gi, 71.35.Gg, 73.22.Lp, 81.07.-b, 82.35.Np 



I. INTRODUCTION 

Many structures are able to change their mechanical 
properties and dimensions when an appropriate stimulus 
is applied. This phenomenon is commonly called actua- 
tion. The energy from an external source triggers changes 
in the internal state of the system, leading to a mechan- 
ical response much larger than the initial input. This 
ability to unlock internal work in a solid state structure is 
of key importance for many actuator applications. Actu- 
ators with differing characteristics and mechanisms have 
been widely adopted byindustry to fill a variety of tech- 
nological requirements with some having a one-way re- 
sponse, while others providing an equilibrium, reversible 
response to the given stimulus. Shape-memory alloys 2j 
or polymers are good examples of such smart actu- 
ating systems. However, in most cases a shape memory 
system works only in one direction, requiring a reset af- 
ter the actuation. Only very few systems can reversibly 
actuate and then return back to the equilibrium shape 
once the stimulus is removed. So far only liquid crys- 
tal elastomers have proven to be a truly equilibrium 
reversible actuating system. 

A polymer benign to external stimulus can also be 
made to actuate when blended with of one or more dis- 
tinctly different materials to impart a new physical re- 
sponse leading to the actuation process. A recent article 
has demonstrated one such system, based on a common 
silicon rubber filled with a low concentration of aligned 
carbon nanotubes, actuating in response to infrared ra- 
diation 0. Apart from actuation itself, the stimulation 
of functionalized nanotubes by infrared (IR) radiation is 
also proving an effective technique, e.g. in biomedical 
applications j^. Clearly, there are rich prospects and 
much motivation to understand nanotube action and the 
actuation behavior under IR irradiation when they are 
embedded in a polymer matrix. 

The work presented here focuses on the use of multi- 
walled carbon nanotubes (MWCNTs) to impart equi- 
librium mechanical actuation in the rubbery matrix. 
The properties of multi-walled nanotubes has been well 



documented for over a decade 0, IE 0- Their be- 
havior in polymer composites is less well understood 
but some reviews have recently appeared in the litera- 
ture 0,0,0, 0,0]- For mechanical applications, the 
interface between the tube surface and the host polymer 
is of critical importance and most of the studies have 
focussed on this aspect. In contrast, the nature of the 
active response of nanotubes within a polymeric matrix 
has yet to be fully understood. The complex behavior 
of tubes is often simplified and analogies are made with 
aligned rigid rods. It is unclear whether such analogies 
are always valid, especially when the tubes do not neces- 
sarily form rigid rods in a polymer matrix and certainly 
do not align unless an external field is present (14J . 

The actuating properties of MWCNTs have recently 
being elucidated upon with the possibility of designing 
nanoelectromechanical (NEMS) systems [13 • The actu- 
ator properties of individual bending MWCNTs under 
an applied electric field have been studied experimen- 
tally [13 • The torsional actuation behavior of multi- 
walled tubes has also been reported T?','!^. These works 
are important but we note that all these studies focus on 
individual tubes and not a collection of tubes, nor their 
properties within a continuous elastic matrix. The mas- 
sive elastic response of single- walled nanotube bundles, 
when stimulated by light, was very effectively demon- 
strated by Zhang and lijima 0|, although little work has 
followed from their discovery. They showed the bundles 
responding to visible light and a near IR laser radiation 
by elastically changing their dimensions; examining the 
figures in [l^ we deduce that the induced strain must be 
about 20%. In the context of this paper, we shall refer 
to the actuation stroke as the change in strain, when an 
external stimulus is applied. 

There are several reports of actuation behavior of 
polymer-nanotube composites (20, 21, 22] . These works 
have focussed on accentuating the already present fea- 
tures of the host matrix by adding nanotubes. The tubes 
act to exaggerate the response by either improving elec- 
tromechanical properties or increasing heat transfer ef- 
ficiency due to the inherent high conductivity 0, |2^ 
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that originates from their delocalized 7r-bonded skele- 
ton. Recent work has departed from this traditional 
'improvement' scheme and asked whether it is possible 
to blend nanotubes with benign polymers to create new 
composite actuator properties, that otherwise would not 
occur in that system. Such effects have been observed 
by Courty et al. |2^ where electric field stimulation of 
liquid crystal elastomers with embedded MWCNTs lead 
to mechanical contraction. 

Similarly, the photomechanical response from MWC- 
NTs when embedded in a silicone rubber (PDMS) ma- 
trix 1^ is a new effect. The pristine elastomer shows no 
response to near IR radiation, yet the presence of nan- 
otubes causes a strong reversible response that can be tai- 
lored by manipulating the degree of alignment the tubes 
experience. The present work expands on such a simple 
polymer nanocomposite system and goes on to show that 
the effect can exist independently of the host polymer 
matrix which, by the presence of MWCNTs, produces a 
mechanical response to the IR irradiation. We show that 
both a compression and an extension response can be 
achieved (depending on the external uniaxial strain ap- 
plied to the composite sample), but that the magnitude 
of the actuation stroke strongly depends on the host poly- 
mer used. We also develop a simple model that consid- 
ers the orientational ordering of nanotubes in the matrix 
along with their individual and bulk actuating behavior. 

This paper is organized as following: after giving de- 
tails of preparation and basic composite characterization, 
we concentrate on the analysis of tube orientation in- 
duced by stretching of the host polymer matrix, section 

III. We then turn to the IR-stimulated actuation, section 

IV, and study different nanocomposite systems in some 
detail (although the majority of our studies remain on the 
PDMS system). Section V presents a simple theoretical 
model that might well describe the actuation mechanism 
and compares it with our experimental data and the lit- 
erature. Wc conclude that two-way actuation behavior is 
dependent on nanotube orientation, but is independent 
of the chosen homogenous polymer matrix and can occur 
in any rubbery solid, albeit with varying magnitude. It 
is thought that no other materials of any class (metal, 
polymer, ceramic) can display this behavior and to such 
large effect, thus, the study of the underlying physics of 
such systems is of clear scientific, medical and commer- 
cial importance. 



II. EXPERIMENTAL 

A. Materials 

There are many different sources of carbon nanotubes 
on the market today. After extensive searching and test- 
ing, we have settled on nanotubes provided by Nanos- 
tructured & Amorphous Materials, Inc. (USA). These 
are multi-walled, with the core diameter between 5-lOnm, 
outer diameter of 60-lOOnm and length between 5-15 mi- 



crons. Purity has been verified (with SEM) as >95% in 
raw form from the supplier, in agreement with specifi- 
cation. These nanotubes were not surface-modified at 
any time during processing and are used throughout this 
study for all polymers tested. Chemical functionalization 
is necessary in many nanocomposite fields, but in our 
work it has been avoided to reduce the number of vari- 
ables in the system. We share the views of other authors 
that chemical functionalization of the tube walls will de- 
grade the properties of the tubes overall due to further 
introduction of sp'^ hybridized carbon defects |2^ . 

Three types of polymer have been tested; PDMS 
rubber (crosslinked polydimethylsiloxane), SIS (styrene- 
isoprene-styrene) triblock thermoplastic elastomer and a 
nematic liquid crystal elastomer (LCE, in both mono and 
polydomain form). Each type of polymer has a unique 
preparation method outlined in the following sections. 
Where possible, similarities in processing have been kept. 
TableCllists the composites made and their abbreviations. 



1. PDMS composite preparation 

The PDMS (Sylgard 184^*^) sihcone elastomer sys- 
tem was obtained from Dow Corning, USA, in the form 
of the main compound and the hydrosilane curing agent 
(crosslinker). In pristine conditions, the mixing and 
crosslinking procedure gives a uniform solvent-free elas- 
tomer. We have verified (with SEM on cryo-microtomed 
and freeze-fractured surfaces) that the resulting polymer 
network is pure crosslinked PDMS with no filler particles, 
as sometimes is the case with supplied elastomer mixes. 

The nanotube-polymer composite was fabricated by 
first carefully weighing the desired quantity of nanotubes 
and the polymer compound. Calculations of weight per- 
centage take into account the weight of crosslinker, to be 
later used in the mixture. The highly viscous fluid was 
sheared using an Ika Labortechnik mixer for a minimum 
of 24 hours. 

The crosslinker was added to the mixture after 24 



TABLE L List of host polymer materials, nanotube loading 
and the abbreviations of resulting composites. 



Host 


Tube 

loading 

(wt%) 


Abbreviation 


PDMS 


0, 0.02, 
0.3, 0.5, 1, 
2, 3, 4 & 7 


PDMS, PDMS0.02, 
PDMS0.3, PDMS0.5, 
PDMSl .. & PDMS7 


Mono LCE 


& 0.2 


MLCE & MLCE0.2 


Poly LCE 


& 0.15 


PLCE & PLCE0.15 


SIS 


0.01 


SISO.Ol 
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hours. The ratio of crosshnker to PDMS was 1:10, ac- 
cording to Sylgard 184-^*^ specification, ensuring negfi- 
gible sol fraction after preparation of the pristine net- 
work. The sample was then further sheared for another 
30 seconds before being placed in vacuum for 5 minutes 
to degas, at all times remaining at ambient temperature 
to ensure little crosslinking reaction takes place in this 
time. After removing the air cavities, that unavoidably 
form during shear mixing, the mixture was deposited in a 
specially designed reactor (centrifuge compartment with 
PTFE film lining its inner wall) and placed in a cen- 
trifuge at SOOOrpm and 8G°C. At this temperature the 
PDMS crosslinking is much faster and the centrifugation 
achieves the uniform thickness and full homogenization 
of resulting rubber composite samples. 

The subsequent processing depends on the target sam- 
ple properties. If we require a completely non-aligned 
nanotube dispersion, the sample remains in the reactor 
for 24 hours, resulting in a homogeneous elastomer com- 
posite. In some cases (as will be clear from the text be- 
low) we aim to produce a sample with nanotubes perma- 
nently pre-aligned. In this case the initial mix remains in 
the reactor, at 80°C, for 14 minutes (calculated from sep- 
arate measurements of crosslinking reaction rates). The 
partially crosslinked network was then removed from the 
reactor and aligned mechanically by applying uniaxial 
extension using specially designed clamps. Removing 
the sample from the reactor after what is a relatively 
short period of time ensures that it is being mechanically 
aligned while still having over 50% of crosslinking to take 
place. Finally, while still constrained in the clamps, the 
sample was placed in an oven at 70° C for a further 24 
hours as it finished its crosslinking cycle under stress. As 
a result a homogeneous elastomer was prepared where 
the nanotubes had a preferred orientation induced by 
the processing technique and are also well dispersed in 
the matrix. The degree of nanotube alignment in each 
sample was quantified using X-ray techniques (discussed 
below) . 

There is a separate question of solvent and shearing 
conditions, and the time required for the full MWCNT 
dispersion; systematic studies of nanotube dispersion and 
re-aggregation rates are to be published shortly. The 
quality of nanotube dispersion is monitored throughout 
the processing with the use, initially, of optical micro- 
scopes and later with a High-Resolution Scanning Elec- 
tron Microscope (HRSEM, Phillips XL 30 series) as ag- 
gregate sizes reduce below optical resolution. We find 
that a shearing regime of high- viscosity mixture, lasting 
24 hours, is suitable in removing nanotube aggregates. 
Samples arc identified by the wt% of MWCNTs mixed 
with the PDMS and the abbreviations assigned to them 
in tabled Most experiments have been conducted on the 
0, 0.02, 0.3, 0.5, 1, 2, 3, 4 and 7wt% MWCNTs in PDMS 
elastomer films. A sample with 3wt% carbon black in- 
stead of nanotubes has also been made using the same 
procedure. 



2. Nematic elastomer composite preparation 

There is a wealth of literature regarding liquid crys- 
tal elastomer (LCE) preparation 0. For our purposes, 
we have tested two specific types of LCE: polydomain 
and monodomain, with uniaxially aligned nematic di- 
rector. Control samples containing no nanotubes were 
made, following the procedure introduced in |27| and 
widely used in the field since. The procedure of nanocom- 
posite preparation was detailed in ^2^. The polysilox- 
ane backbone chains (~ 60 monomer units long) had 
their Si— H bonds reacted, using platinic acid catalyst, 
with the terminal vinyl groups of the mesogenic rod- 
like molecule 4— methoxyphenyl) — 4'— buteneoxy ben- 
zoate (MBB) and the two-functional crosslinker 1,4— di- 
ll— undeceneoxy benzene (HUB), with the molar ratio 
18:1 (thus achieving the 9:1 ratio of substituted groups 
on each chain, or the effective 10% crosslinking density). 
The crosslinking was initiated by a combination of adding 
the catalyst and heating to 80°C in the already described 
centrifugation reaction chamber. The subsequent proce- 
dure of two-stage crosslinking, with intermediate stretch- 
ing to induce director alignment, is similar to the proce- 
dure of PDMS alignment above. 

Polydomain control samples were made identically 
with the single exception that no uniaxial extension is 
applied during the crosslinking cycle. This avoids orien- 
tational bias being introduced during processing. 

For LCE nanocomposites, a minor modification is 
made. Before the crosslinker and catalyst were added, 
MWCNTs were shear mixed into the polymer to ensure 
homogenous dispersion. Due to the sensitivity of the 
crosslinker and catalyst, shear mixing is reduced to 4 
hours at elevated temperatures (^50°C. This is accept- 
able as the nanotube concentration in such systems was 
very small (0.15-0.2wt%) while the nematic polymer is 
highly viscous. A higher concentration in such a system 
is currently unachievable due to catalyst and crosslinker 
sensitivity limitations. 



3. SIS composite preparation 

The SIS nanocomposite was made by adding the de- 
sired quantity of tubes (0.01wt%) to the melt of SIS sym- 
metric triblock copolymer (14% of polystyrene, obtained 
from Sigma Aldrich) in the presence of small amount of 
toluene solvent. The solvent dilutes the otherwise rub- 
bery thermoplastic system and allows shear mixing at 
40°C for 24 hours. The solvent was added in small por- 
tions during the mixing cycle to maintain the mixture 
in a high-viscosity state. Once the dispersed state was 
achieved, fibers could be drawn from the mixture and 
left to air dry. During this period the PS micelles are 
formed in the usual way [2ij to form the elastic network 
surrounding and encapsulating the nanotubes. We note 
that too high a loading of MWCNT prevents physical 
crosslinks from occurring in the host polymer and thus 
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nanotube content was kept to a very low level. 

In all cases the sample dimensions were kept approxi- 
mately constant, 1.5mm x 3cm, with thickness 0.2mm. 



B. Experimental techniques 

The main part of this study, and purpose of this paper, 
is concerned with the response of these materials to in- 
frared radiation and to that end a specially constructed 
rig was built to test the actuator response. Two dy- 
namometers were used in this study; a 25g dynamometer 
for small sensitive measurements and a larger 55g dy- 
namometer allowing a larger range of responses to be 
tested. The dynamometers (Pioden Systems Ltd) were 
housed in a custom made thermal-control box with an 
open front end. The device, together with an indepen- 
dent thermocouple, outputs data via a DAQ card to a 
PC, see Fig. ^ The sample (S) was clamped in the 
frame with its length controlled by the micrometer (M), 
with ±0. 001mm accuracy, and the exerted force mea- 
sured by the dynamometer (D). Thermocouples (Ti and 
T2) were placed in front and behind, on the sample sur- 
face. The actuation was induced by the light source (IR), 
Schott KL1500 LCD, with quoted peak power density 
at R:!675nm, 702 /iW/cm^ at Im distance. The source 
uniformly illuminated the sample from ~ 2cm distance. 
Measuring the scaling of the intensity decay with dis- 
tance, we obtained that the power density delivered to 
the sample was ~ 1.5mW/cm^ at 675nm. The rig was 
enclosed in the thermally controlled compartment, and 
calibrated with weights to give a direct measure of stress 
and strain. 

Figure [21 shows the spectral distribution of the light 
source, as well as the nanotube absorbance. These 
measurements were carried out on a Varian Cary 300 
BIO UV-visible spectrophotometer in the 190-lOOOnm 
range, adjusted for the background. Absorbtion units 
Au= log[/o//transmittod] indicate that the PDMS con- 
trol sample of given thickness transmits ~ 70% of light 
across the spectrum. In contrast, the same thickness of 
low-loading PDMS0.3 composite absorbs > 97% of light 
across a range of wavelengths. The strong absorbtion of 
light by nanotubes is a well-known effect, although the 
relatively flat spectral distribution was a surprise in our 
case. Fig. 121 

To standardize the results across all samples, pre- 
experimental checks were undertaken to accurately find 
the zero strain value of each experiment. The gradient of 
the stress-strain curve for a buckled sample was equated 
with the gradient for the stress-strain curve of the taut 
sample ~ the meeting point of the two lines designates 
the zero-point strain, with the length of sample defined 
as Lq. The imposed extensional strain is calculated by 
e — {L — Lq)/Lq, with L provided from the micrometer 
reading. 

After a fixed pre-strain was applied to each sample, the 
stress was allowed to relax for a minimum of 10 minutes. 




FIG. 1: Scheme of the apparatus; see text for detail. 




300 400 500 600 700 800 900 1000 
Wavelength (nm) 

FIG. 2: Spectral data of the light source (left axis, arb. units), 
and the normalized absorbtion of the PDMS0.3 composite and 
the control pristine PDMS elastomer (right axis). 



After this relaxation period, readings of stress were taken 
for 1-2 minutes, to verify that the material is equilibrated, 
and then the IR source was switched on to full intensity. 
After a period of exposure, the light source was switched 
off and further relaxation data collected. After comple- 
tion, the sample was relaxed and then this protocol was 
repeated for a different applied pre-strain e. Each sample 
is tested under a range of applied pre-strains between 2% 
and 40% (0.02 < e < 0.4). In order to avoid a system- 
atic influence of pre-strain, through thermal history and 
possible degradation, we applied the different values of 
e in random order, not sequentially. The LCE compos- 
ites have been tested for even larger deformation as they 
can spontaneously undergo thermal strains of hundreds 
of percent 0| . 

Our attempts to rationalize the observed response, 
changing qualitatively on increasing the applied pre- 
strain, invoke the concept of increasing nanotube align- 
ment under uniaxial deformation. To monitor this, wide 
angle X-ray diffraction measurements were carried out on 
a Phillips PW1830 Wide Angle x-ray generator (WAXS) 
using Cuk^i radiation (1.54 A), running at 40kV and 
40mA. A specially designed clamp was used allowing 
measurement of the X-ray images as a function of the 
applied strain during the experiment. Azimuthal scans 
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FIG. 3: (a) The X-ray scattering image showing key reflec- 
tions; the outer ring (3.4A) is the signal from the multiwall 
nanotubes. The inner ring {7.5A) represents the PDMS mesh 
size, see section Fill Bl The arrow shows the direction of the 
uniaxial aligning strain, (b) The typical azimuthal intensity 
variation, /(/3), at a scattering angle of 3.4A reflection. The 
data is fitted by the model |29j . 

of intensity were generated, Fig. and fitted with the- 
oretical models. The method of background correction 
employed is crucial. Two to three different regions were 
selected from an image to gather an average of back- 
ground noise which is then subtracted from the azimuthal 
curves generated. This is repeated for all scattering im- 
ages before order parameter was calculated. 

With the IR irradiation, the question always exists, 
whether the response is due to photon absorption, or the 
trivial heating of the materials (which does take place 
during irradiation). The technique used to measure tem- 
perature involves two thermocouples and we were rea- 
sonably sure that the measured increase in temperature 
(^15-20°C) is a true temperature across the sample. 
A separate study was conducted using thermocouples 
on the surface and embedded within the sample which 
showed similar values throughout for any relevant time- 
scale. The samples were kept purposely thin to ensure 
very quick heat conduction. To compare the effects, the 
same experiment was carried out on the PDMSl sam- 
ple, with the infrared source replaced by a mica-insulated 
heater (Minco Products Inc.) mounted approximately 
10mm away from the sample. Temperature was regu- 
lated through an integrating controller using thermocou- 
ples mounted on the sample. The maximum temperature 
reached was 15-20° above ambient, and although thermo- 
mechanical response was present, it was much slower and 
almost an order of magnitude smaller than the direct IR- 
irradiation effect. 



III. MATERIAL CHARACTERIZATION 

A. Elastic strength 

Figure ^ shows a summary of the linear mechanical 
response of our nanocomposites for different nanotube 
loadings in the crosslinked PDMS matrix. As the con- 
centration of MWCNTs is increased the rubbery network 
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FIG. 4: Young modulus Y for PDMS nanocomposites at in- 
creasing MWCNT loading. The arrow points at the value for 
control PDMS rubber. 



becomes stiffer and Young modulus Y (the response to 
static linear extension) of the composites increases. This 
is expected and in line with literature findings |il2i. i30| . 
An account for subtle variations in measured moduli 
could be obtained from the analysis of the polymer- 
nanotube interface and relaxation of local stress in the 
composites. This is not the focus of the work presented 
here. 

At very low nanotube loading one might expect that 
large regions of rubbery network are still pristine. How- 
ever, even with the lowest nanotube loading (~0.02wt%), 
a small but significant increase in modulus was observed 
suggesting that the presence of the tubes even in tiny 
quantities has an immediate mechanical effect. Starting 
from '^0.02wt% the linear increase of the modulus was 
observed, characteristic of non-interacting inclusions in 
the elastic matrix. We observe an almost three-fold lin- 
ear increase in the elastic modulus from 0-7wt%. 

It can be argued that at higher loading the concentra- 
tion dependence must become non-linear, quadratic at 
first indicating the pair interactions between nanotube 
inclusions, etc. This may signify the onset of a 'me- 
chanical' percolation within the composite system. One 
may be tempted to make a connection between the onset 
of this non-linear regime and the separately determined 
electric percolation threshold, when the composite be- 
comes conducting through nanotube contacts. Unfortu- 
nately, it is difficult to make an unambiguous connection 
in a crosslinked system: an increase in tube concentra- 
tion would undoubtedly increase the modulus Y - but 
would also cause a reduction in the crosslinker concen- 
tration (the presence of nanotubes has an inhibitive effect 
on siloxanc reactions). Overall, the Young's modulus of 
such a nanocomposite would not be able to directly re- 
flect the nanotube interactions. 

For completeness, let us quote the measured Young 
modulus values for the other nanocomposite systems 
under study - MLCE0.2: Y w 0.2 MPa, PLCE0.15: 
Y w 0.2 MPa, SISO.Ol: Y w 0.6 MPa. 
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B. Nanotube orientation by strain 

1. X-ray data analysis 

As a crucial part of material characterization, before 
and during the main actuation experiment, we need a 
more quantitative analysis of the nanotube orientation 
in the matrix. It is a key element in our model of the ac- 
tuation mechanism, but also has its own merit consider- 
ing the high interest in all aspects of polymer nanocom- 
posite studies. Wide angle X-ray diffraction is used as 
a method to determine the average tube orientation as 
a function of increasing applied uniaxial strain. Fig- 
ure OJa) shows characteristic features of the diffraction 
image. The image is for PDMS7, initially non-aligned, 
stretched by e = 0.33 (33%). The scattering reflection at 
an angle corresponding to MWCNT [002] layer periodic- 
ity (inter-shell spacing .31]) of 2>AA allows calculation of 
the tube orientation distribution from the corresponding 
aziniuthal intensity variation. Fig. O^b) . 

In this separate study of deformation-induced align- 
ment we used a 7wt% loaded PDMS7 composite simply 
to enhance the X-ray contrast and enable using a desktop 
X-ray generator (as opposed to the synchrotron study re- 
quired for very low-loading composites). Note that the 
scattering intensity at ?>AA is still relatively low, because 
of the small contrast between the nanotubes and PDMS 
matrix. 

A question must arise about the bright scattering ring 
corresponding to the length scale ~ 7.5A. This is a very 
interesting feature, but totally irrelevant for our work: 
this scattering is exactly the same in the pristine PDMS 
rubber prepared in the same batch. In the PDMS net- 
work, with no solvent, the only X-ray contrast may arise 
due to the difference between the chains and crosslinks. 
A very clear scattering length must be an indication of 
crosslink density fluctuations (in other terminology called 
clustering). As the extensive theory of this clustering 
phenomenon suggests j at the given chain lengths 
and crosslinking density the network is well below the 
'crosslink saturation threshold' and the correlation length 
of clustering should be of the order of network mesh size. 
The length scale of ~ 7.5A is very accurately this size 
and, accordingly, we believe this scattering to be pro- 
duced by very small scale crosslink density fluctuations. 
These should not affect macroscopic properties, or even 
the local MWCNT embedding. 

Intensity variation along the azimuthal arcs, /(/3) in 
Fig. Elb), is the signature of the orientational distribu- 
tion function. When /(/3) is approximated as a Legendre 
polynomial series in cos [3, it gives a measure of the ori- 
entational order parameter S^: 



Sd={P2) = f((cos2/3) -1), 



(1) 



where the averaging is performed with /(/3) as the distri- 
bution function. This is called the Herman's orientation 
parameter and it adequately describes the true orienta- 



tional ordering at very small bias, when 5*^ <C 1. 

At higher degree of alignment (such as, for instance, 
in nematic liquid crystals) the orientational distribution 
function significantly deviates from the measured /(/3). 
The analytic treatment of the problem of X-ray scat- 
tering from orientationally biased medium is developed 
by Deutsch j29j . mainly in the context of nematic liq- 
uid crystals. Instead of using the full theory, we have 
derived an interpolating analytical approximation to the 
complete results of With that, the orientational or- 
der parameter is given by 



Tr/2 



I{P)smp{ sin/3 



- cos (3 In 



(2) 



1 sin /3 



cos/? 



dl3 



with 



N 



tt/2 



This expression also properly accounts for nontrivial geo- 
metric factors involved in projecting the 3D orientational 
distribution onto a 2D detector plane. Experimental data 
was analyzed using both Herman's approximation and 
Deutsch's interpolated analytic result. We conclude that 
in the range of parameters we are working with both 
expressions were in agreement qualitatively but slightly 
differ quantitatively. We favor the Deutsch analytical 
method and used it exclusively in this study. 



2. Induced orientation of nanotubes 

Figure ]E\ presents the results of the calculation of ori- 
entational order parameter Sd, acquired as a function of 
sample strain applied to the PDMS7 sample, as well as 
the prediction of the theoretical model discussed below. 
As the applied strain is increased, the initially disordered 
nanotubes align along the strain axis resulting in bias 
in the azimuthal curve /(/?). This phenomenon has re- 
cently been confirmed by synchrotron experiments [3^ 
although it should be noted that the focus of the work 
by Kelarakis et al. was not on nanotube reorientation 
in a rubbery matrix. Our composites, with no signifi- 
cant initial alignment, on subsequent stretching reached 
substantial values of induced orientational order. Fur- 
thermore, the change in orientation on stretching was re- 
versible, i.e. equilibrium, which is discussed later. To our 
knowledge, this is the first time nanotube reorientation 
has been reported and analyzed in a semisolid/rubbery 
sample. 

As will be described in section IIVI there is good ev- 
idence that much better nanotube alignment can be 
achieved if dispersed in a monodomain liquid crystal elas- 
tomer during processing - the mesogenic moieties act to 
align the tubes. A similar effect has been demonstrated 
for pure liquid crystals (3^l35j|. and also is well-known in 
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0.4 0.6 0.8 
Strain applied, e 

FIG. 5: The change in the orientational order parameter Sd 
of nanotubes in PDMS7 composite, as a function of imposed 
uniaxial strain, obtained from the X-ray scattering data (o 
- data points; dashed line is a guide to the eye). Solid line 
shows the afRne rigid rod model prediction. 



the field of ferronematics [Sg . X-ray diffraction of such 
a system is not reported due to the continuing problem 
of poor contrast between the two species and only low 
nanotube concentrations studied. 



There is an issue, well argued in the literature [33, |38| , 
about whether a truly isotropic nanotube dispersion can 
be obtained. Regarding the tubes as rigid rods with ex- 
tremely high aspect ratio, well dispersed in an amorphous 
medium, the Onsager transition to the steric orienta- 
tional ordering could start at very low concentrations as 
has been recently reported . We have as yet observed 
no clear indication of truly nematic liquid crystalline ar- 
chitecture in our system, although this could be due to a 
number of factors including matrix viscosity and sample 
preparation. 



3. Affine model of induced orientation 

Let us compare the observed induced orientational or- 
der parameter Q(e) with a simple model prediction based 
on the affine deformation of the rubbery matrix. The 
most straightforward approach is to evaluate the aver- 
age orientational bias resulting from an imposed uniax- 
ial extension of such a matrix, in which the ensemble of 
rigid rods is initially embedded isotropically. The direc- 
tion, known as the director n, is the average axis along 
which nanotubes can and do align. This is a local prop- 
erty of the system obtained as a result of averaging of 
individual particle axes, Ui, over the macroscopically in- 
finitesimal volume. This averaging applies equally well 
for rigid rod-like particles and for the segments of semi- 
flexible chains, e.g. in the study of nematic polymers 0. 
The corresponding local orientational order parameter is 
a second-rank tensor Qaf3 which for the uniaxial align- 
ment (reflecting the quadrupolar symmetry breaking) is 





















J' 











FIG. 6: The scheme of an affine incompressible extension, 
changing the orientation of an inflexible rod embedded in the 
medium. 



defined as: 



\5al3) = 



V 



-\Q 
-\Q 
Q 



(3) 



where the principal axes are aligned with z along the 
uniform ordering direction n, cf. Fig.|Sl The value of the 
local scalar order parameter is indeed the average of the 
second Legendre polynomial of orientation of embedded 
rods, 



Q 



[| COS^ ' 



e -\]P{e) smOdedip. (4) 



Here (n • Ui) = cos^i for each rod, and P{9) is the ori- 
entational probability distribution, normalized such that 
/ P{d) sin 9d9dip — 1. Let us assume the initial state is 
un-aligned, and thus characterized by the flat distribu- 
tion Po{e) = l/(47r). 

The uniaxial extension of an incompressible elastic 
body is described by the matrix of strain tensor 



A = 



/ 1/Va 
1/Va 

y OA 



(5) 



where the axis of stretching is taken as z and the mag- 
nitude of stretching is A = 1 -I- e = L/Lq is the ratio 
of the stretched and the initial sample length along z, 
Fig. El This tensor describes the afflne change of shape, 
which could also be visualized as locally transforming an 
embedded sphere (representing the orientational distri- 
bution Po) into the ellipsoid (representing the induced 
orientational bias) of the same volume and the aspect 
ratio R\\/Rj_ = A^/^. 

After such a deformation, every element of length in 
the body changes affinely according to the matrix prod- 
uct L' = A ■ L, which in our case of uniaxial incom- 
pressible extension means that L'^ = XLz and L'j_ = 
( 1 / ^/X)Lj_ . This corresponds to the new angle of the rod, 
0' such that tan 6*' = L'JL'^ = (l/A^/^) tan6'. Therefore, 
to obtain the new (now biased) orientational distribution 
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function we need to convert the variable 9 into the new 
(current) variable 9', which gives (after some algebraic 
manipulation) 



sin6'd6' 



arctan(A^/^ tan 6*'); 

A3 

(cos2 9' + A3 sin^ 6")3/2 



smi 



'd9'. (6) 



This defines the expression for the normalized orienta- 
tional distribution hmction 



Pi9') = 



A3 



47r(cos2 9' + A3 sin^ 9')^^ ' 



(7) 



which is an explicit function of the uniaxial strain applied 
to the body and can be used to calculate the induced 
order parameter Q: 



cos^9'[l + eY'sin9'd9'dLp 1 
47r(cos2 9' + + e]3 sin^ 9'f/'^ ^ 2' 



(8) 



Analytical integration of this expression gives a function 
(5(e), which is plotted as a solid line in Fig. [S] 



3 + 2e(3 + 3e + e2) 
2£(3 + 3e + e2) 

3(l + 2£(3 + 3e + e2))3 



4e(3 + 3e + £2)^1 -(i+e) 



:lnS(£) 



where B(£) = 



l-(l+e)3 + ^l-(l+e)3 



At relatively small strains, it approaches the linear 
regime: Q ~ |£ — ^£2 + .... 

The experimental data displays a lower order parame- 
ter than that predicted by the affine model, although has 
the same qualitative trend. One must remember that the 
model presented here does not account for tube flexibility. 
Also, some proportion of the tubes would be unable to 
orientate aflinely due to the entanglements. The exper- 
imental data reflects this and, accordingly, gives slightly 
lower values of order parameter. 



IV. INFRARED ACTUATION 
A. Typical observations 

The detailed response to infrared stimuli is presented in 
Figs. [3 showing the stress measured in the PDMSl sam- 
ple. Results for all composites are qualitatively similar. 
We shall later examine the dependence on the host poly- 
mer and the tube concentration. Composites, initially 
un-aligned, are subjected to an increasing extension that 
we call pre-strain e. At each e, the IR-irradiation takes 
place and the stress response recorded. The complex- 
ity of the plots necessitates more detailed description of 
what takes place. 



a. 



in 

Jo 
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FIG. 7: The response of a lwt% nanocomposite PDMSl to IR 
radiation at different levels of pre-strain e. Stress is measured 
at fixed sample length (different pre-strain curves labelled on 
the plot). 



We begin with a 2% pre-strain {e = 0.02) applied to 
it initially. At t = 2mins the light source is switched 
on and the stress reading changes downwards, meaning 
that the sample natural length Lq has expanded on ac- 
tuation (recall that the actual length L is fixed through 
£ ~ L/Lq — 1). After a period of constant irradiation, 
at t = ISmins, the light source is switched off - and the 
stress reading returns to its original value. This experi- 
ment is then repeated with the same sample pre-strained 
at different values, up to 40%, as shown by the sequence 
of stress-reading curves in Fig. |7| 

The data in Fig. |H1 is assembled to demonstrate the 
speed of the actuation process more clearly, while Fig. |2| 
helps differentiate between the light- and heat-driven ac- 
tuation response. In this case the data is for a PDMS3 
composite; as was mentioned above, all materials exhibit 
the same qualitative features. We plot the change in 
stress and change in temperature, normalized by their 
maximal value at saturation in the given experiment; 
plotted in this form, all the results (for different tube 
loading and different pre-strain) appear universal. 

The change in temperature by IR-heating is unavoid- 
able and reaches AT ~ 15°C maximally on the sample 
surface, in our setting (thermocouples placed below the 
surface and embedded in the center of the sample may 
report the temperature change of up to 20° C depending 
on nanotube concentration, but we avoided disturbing 
the sample in mechanical experiments). This highlights 
an important question as to whether the mechanical re- 
sponse is due to the photon absorption or plain heat. 
Figure 1^1 shows that the stress reaches its peak and sat- 
uration in ~ 0.5min, while the thermal takes over 2min 
to reach its peak. Although the difference in rates is not 
very dramatic, the fact that the stress response is faster 
suggests that its mechanism is not caused by the trivial 
sample heating. In a separate study (not shown) we reach 
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FIG. 8: The speed of actuation response, illustrated by plot- 
ting the actuation stress in PDMS3 nanocomposite, Act in 
kPa, as a function of time for different pre-strain values (la- 
belled on the plot). 
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FIG. 10: The magnitude (in kPa) of exerted actuation stress 
(the height of steps in Fig. |7| Aumax), as function of pre- 
strain. Different PDMS composites are labelled on the plot 
by their wt% value. The right y-axis shows the corresponding 
actuation stroke: the change in natural length Lo(IR). 
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FIG. 9: The normalized stress response plotted alongside 
the normalized change in temperature, as functions of time 
(PDMS3, pre-strain e = 20%), see text for discussion. 



the conclusion that thermo-mechanical effects do exist 
(i.e. the MWCNT-loaded composite has a stronger me- 
chanical response to heating than a pristine polymer) but 
their magnitude is almost an order of magnitude smaller 
than the direct IR-photon absorption mechanism. 



B. Analysis of IR-actuation response 

Of great interest is the observation that this response 
changes sign at a certain level of pre-strain (at e ^ 10% 
in Fig. Cj). In other words, relaxed or weakly stretched 
composites show the reversible expansion on irradiation, 
while the same sample, once strained more significantly, 
demonstrates an increasing tendency to contract (hence 
the increase in the measured stress). This is our key 
finding. 

Figure ^] summarizes the magnitude of the IR- 
actuation effect by plotting the stress step at saturation 
(AfTmax) in the IR-on state, at different levels of pre- 
strain and for samples with increasing MWCNT loading. 



Although this is not explicitly measured in our (isos- 
train, L =const) experiment, we can directly calculate 
the change of the underlying natural length Lo(IR) of 
the samples on actuation from the known Young modu- 
lus values. This is shown on the right axis of the same 
plot, highlighting the regions of expansion and contrac- 
tion. Remarkably, all samples with different nanotube 
loading appear to have a crossover at the same point, 
around 10% pre-strain. 

For comparison, the pristine PDMS rubber in the same 
experiment, shows no discernible stress response at all. 
Also, the response of the PDMS composite with a 3wt% 
of carbon black is much lower. Indeed, this 3wt% carbon- 
black composite closely follows the low-concentration 
PDMS0.02 composite. We believe the response is due 
to trace amounts of nanotubes that can often be found 
in commercially supplied carbon black. Hence the very 
small response from such a highly loaded sample. The 
shift in transition pre-strain may well be due to the trace 
nanotubes having their alignment hindered by the acti- 
vated carbon black. 

The interaction between filler particles is also evident 
when the nanotube concentration is increased beyond 
2wt% loading. Above this value, the magnitude of the 
actuation stroke decreases sharply. Figure ^] displays 
the effect clearly by plotting the maximal change in nat- 
ural length Lq on IR irradiation, at a fixed e — 40%, 
for all PDMS-nanotube composites, and the 3wt% car- 
bon black system for comparison. A rapid increase in the 
stroke is observed with increasing concentration, which 
then peaks at 2wt% nanotube loading. The reason for 
the subsequent decline is not obvious. There may well be 
a number of factors that interplay to reduce the stroke 
magnitude. At high concentrations entanglements be- 
tween the long tubes could take place. Note that through 
conservation of volume, a contraction in the z-axis of the 
tube will be concomitant with an expansion in the x-y 
plane; such expansion may be hindered for a significant 
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FIG. 11: The magnitude of the actuation stroke at e = 40% 
as a function of filler concentration n. The maximum of the 
response at ~2wt% is evident. The single square symbol gives 
the value for 3wt% carbon black filler in PDMS. 
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FIG. 12: Summary of IR actuation stroke from LCE compos- 
ites (PLCE0.15 and MLCE0.2) and a SISO.l composite, as a 
function of applied pre-strain. Note that MLCE data does 
not have a crossover at e ~ 10%, since the tubes are aligned 
there at preparation. For comparison, the similar data for 
two PDMS samples, 0.5 and 0.02, is shown by dashed lines. 



number of nanotubes by their nearest neighbors (another 
representation of entanglement). There may also be an 
issue of photon screening at higher concentration which 
is difficult to avoid. 



C. Observations in other host polymers 

Other polymers acting as a crosslinked host matrix for 
the low-concentration nanocomposite display the same 
qualitative behavior as PDMS systems. Figure^] sum- 
marizes the response of LCE and SIS composites. The 
direction of the actuation, changing from expansive to 
contractive mode with increasing MWCNT alignment, as 
observed in PDMS-nanotube samples, is unambiguously 
reproduced for vastly different materials. 

The magnitude of the actuation stroke is shown in 
Fig. El in comparison with some of the PDMS compos- 
ites. The value of actuation stress is different for various 
polymeric systems considered in this work, which is due 
to the different Young modulus (which we use to calcu- 
late the stroke from the measured stress Act). We see 
that the stroke magnitude in these differing materials is 
in the same range of magnitudes. SISO.Ol has a much 
lower filler concentration, and again its stroke is com- 
parable to that of a similarly loaded PDMS0.02. This 
important finding demonstrates the universality of multi- 
walled nanotubes behaving as photo-actuators regardless 
of the soft matrix they are in. 

The response of nematic liquid crystal elastomers to 
heat is well documented Q . Because they can be thermo- 
responsive materials, the data in Fig. E| is obtained by 
a complex procedure of subtraction of such background 
effects. We do not go into its details, as this is irrelevant 
to the main points of the present paper, however, must 
emphasize that the plotted response highlights the effect 
of nanotubes within the given matrix. 

In Fig. El we note that the MLCE0.2 sample shows 



no expansive actuation and a crossover, while the similar 
polydomain (un-aligned) composite does. This is clearly 
because the two-step crosslinking at preparation of the 
monodomain material involves aligning the mesogenic 
groups |23| . The embedded nanotubes align strongly un- 
der such conditions, as others have found in ordinary 
liquid nematics ^Ms^SSj- As already discussed, the expan- 
sive mode of actuation will only occur when the degree 
of nanotube alignment is very low. It is important that 
the crossover occurs at e* ~ 10% for all studied materials 
with nanotubes not aligned before pre-strain. 



V. MODELLING THE MECHANISM 

There are two main questions to answer: what mech- 
anism is responsible for such a large photo-mechanical 
response, and why does it reverse its direction on sample 
extension? 

We shall try to deduce the actuation behavior of indi- 
vidual tubes from the macroscopic observations detailed 
above. We believe the change of actuation direction on 
increasing sample extension is due to the nanotube align- 
ment induced by pre-strain, as described in section IlII Bl 
and before. In the whole region of our pre-strains, the ori- 
entational order induced in the MWCNT distribution is, 
to a good approximation, a linear function of the strain: 
Sd ~ 0.6e in the affine model. At the crossover strain 
e* « 0.1, the value of the order parameter would be 
~ 0.06. We now apply the same ideas about the 
induced orientational bias and averaging of the (hypo- 
thetical) individual nanotube response. 

Let us assume this individual nanotube response to 
the IR photon absorbtion is, in essence, a contraction - 
because this is what our data shows the better-aligned 
composite response to be. It is easy to imagine why this 
could be for an initially rod-like tube: on photon absorp- 
tion it could generate instabilities in the form of kinks. 
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FIG. 13: The scheme ihustrating how the distortion (kinking) 
of an individual tube, lying at an angle 6 to the macroscopic 
alignment axis, projects on the z-axis to contribute to the 
average uniaxial strain, Eq. I|l()|l . 



thus decreasing the net length due to the charge carrier 
separation. The resulting elastic deformation would be 
most pronounced in the already defect-dominated regions 
of the nanotube. Such an explanation, based on concen- 
tration of induced polarons pol |4]| , would also link with 
the earlier observation of a similar actuation response 
under DC electric field An alternative possibi lity 

is to suggest that large (and fast) local tube heating |42| 
causes the surrounding region of locally aligned elastomer 
to contract and "crush" the nanotube. This version of 
microscopic events does not contradict the discussion and 
the data in Fig.|51 which shows the (slow) global thermal 
effect. 

At this stage we have to leave open the question of 
individual tube response to near IR radiation. Using an 
afhne approach similar to the earlier analysis of order- 
ing, let us assume that each nanotube undergoes a linear 
contraction by a factor A — R\\ (IR)/i?|| (0) < 1 (certainly 
proportional to radiation intensity, which was kept con- 
stant in our work but has previously been shown to effect 
the elastic response ^3)- This contraction must be ac- 
companied by a transversely-isotropic volume conserving 
expansion 1/\/A. This means that a local strain is cre- 
ated with the principal axes along the nanotube orienta- 
tion (at angle 6 to the macroscopic z-axis, see Fig. I13|) 



( 1/%/A 

i/Va 

OA 



^local 



The projection of this local strain on the macroscopic 
axis of sample extension (and force measurement) is 



(IR) = A cos^ e + (1/\/A) sin^ 



(9) 



Averaging the local contribution with the probability to 
find the nanotube at this orientation, P{9) obtained in 
section IIII Bl gives an estimate of the effective stroke of 



the actuation. When multiplied by the corresponding 
Young modulus, the exerted stress of Fig. ^| is also ob- 
tained: Act ~ Y{{\z) — 1) at small deformations. Such 
a model is very crude indeed, ignoring a large number of 
undoubtedly important and delicate factors of continuum 
elasticity and nanotube response. However, it is elasti- 
cally self-consistent and has only one parameter, A that 
presumably carries all the underlying complexity of the 
problem in it. 

The orientational averaging is given by using the distri- 
bution P{0) with the projection of local strain in Eq. I^: 



Jo 

« i (a + 2/Va) - §£ (i/VA - a) (10) 



Although the integral above has a full analytic form, 
it is more transparent to present its expansion to the 
linear order of small imposed pre-strain e as shown in 
the second line of Ea. (|10|l . This demonstrates the key 
point: at very low pre-strain, e — > 0, the average uniaxial 
deformation of the disordered nanocomposite is positive 
(Az — l),i.e. the expansion of its natural length. However, 
above a threshold pre-strain e* this average deformations 
transforms into the sample contraction along z. It is easy 
to find the crossover, 



5(2- A^/^^ A) 
6(1 + A1/2 + A)' 



(11) 



so that the prediction would be to observe the crossover 
at £* ^ 0.1 if the nanotube response factor A ^ 0.8. 
That is, on IR-irradiation the nanotube contracts overall 
by ~20%. The value is higher than one might expect, 
considering early reports in the literature of nanotube 
strains of only 1-2%. However, as Fig. [T^ indicates, our 
proposition is not that of the lattice strain of nanotube 
walls but a contortion of the tube as a whole. Although 
this has not been yet directly observed and reported in 
the literature, a similar effect of resonant undulation has 
been seen (in simulation 43] and in experiment [T^) in 
response to distortion beyond the linear regime. Further- 
more, the more recent theoretical work on single- walled 
tubes supports the idea that massive z— axis contraction. 
Although in our system the multi-walled tubes respond 
under different conditions, being embedded in an elastic 
matrix under strain and absorbing the IR photons, the 
overall distortion factor of 20% suggested by the model 
fit is perhaps not altogether unreasonable. 

FigurelTHplots the full (non-expanded) result of orien- 
tational averaging of actuation stroke {{Xz) — 1) from the 
integral in Ea. (|10|l to illustrate the points discussed in 
this section. The qualitative behavior (as summarized in 
Fig. [Tn|l is reproduced here almost exactly, including the 
magnitude of the predicted actuation stroke [that is, the 
ratio Lo{lR)/Lo{0) — 1]. Note that we use only one pa- 
rameter, A to match both the crossover e* and the actua- 
tion stroke magnitude, so the conclusion is quite satisfac- 
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FIG. 14: The result of the afhne theoretical model, Eq. UTTi^ : 
the dashed line shows the linear approximation at small pre- 
strain. Nanotube contraction factor is chosen to be A = 0.8, 
as suggested by the crossover strain value e* ~ 0.1. 

tory and agrees with an apparent universality discussed 
in section IIV CI It is very likely that the orientational 
feature of the effect, with its change of actuation direc- 
tion at a critical level of induced alignment, Sd ~ 0.06, is 
captioned correctly, while much more work is required to 
understand the individual nanotube response to IR radi- 
ation generating the phenomenological factor A used in 
this analysis. 

VI. CONCLUSIONS 

To summarize, this work describes the rich photo- 
actuation phenomena of carbon nanotubes embedded in 
crosslinked rubbery matrices. The composite materials 
show the ability to change their actuation direction, from 
expansive to contractive response, as greater imposed 
strain is applied to the sample. We use differing host 
polymers and confirm their relatively neutral role in the 
actuation mechanism. 

Theoretical models have been put forward to describe 
the orientational order imposed on the nanotubes by a 
uniaxial strain and the resulting actuation. Treating the 
nanotubes as rigid rods that rotate affinely in a deforming 
matrix is a very simplistic view, but it gives predictions 
that agree with experiment qualitatively and often quan- 
titatively. We believe that the (certainly wrong) idea of 
the whole tube acting as a rigid rod is not actually nec- 



essary - in effect, in our model, the "rigid rods" are nan- 
otube segments below persistence length. In that case, as 
in main-chain semiflexible nematic polymers, the model 
is non-controversial and the agreement with experiment 
not coincidental. The tube orientational distribution ap- 
pears to account well for the key macroscopic features of 
the observed photo-actuation. 

The strength of photo-mechanical response, at a given 
radiation intensity, is of the order of tens of kPa. Trans- 
lated into the stroke, this corresponds to actuation 
strains of +2 (expansion) to -10% (contraction) depend- 
ing on the nanotube concentration, alignment (controlled 
by pre-applied strain) and the host matrix. As expected, 
the response increases at higher nanotube loading - how- 
ever, only up to a limit. Beyond this limit (~ 2% 
in PDMS), the macroscopic actuation is inhibited by 
inter-tube interactions and possible charge accumulation. 
The similar (thermal actuation) behavior is also observed 
when the samples are heated by the same amount, but 
this has a much lower amplitude. 

Understanding the nature of the actuator mechanisms 
in this system certainly warrants further theoretical and 
experimental investigation. Many questions remain com- 
pletely unclear, in particular, what the effect would be 
if different types of nanotube were used i.e. smaller 
multi-wall diameters, single- wall tubes, various chiral- 
ity etc. With actuating materials already used in such 
widespread applications, from micromanipulators to vi- 
bration control, the discovery of a structure that can re- 
spond to stimulus in both directions may open new pos- 
sibilities and could mean an important new step toward 
finding applications for nanotube based materials above 
and beyond improvements in existing carbon fibre tech- 
nologies. 
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